Body temperature is an important parameter to measure in a number of fields such as medicine and sport. In medicine temperature changes can indicate underlying pathologies such as wound infections, while in sport temperature can be associated to a change in performance. In both cases a wearable temperature monitoring solution is preferable. In earlier work a temperature sensing yarn has been developed and characterized. The yarns were constructed by embedding an off-the-shelf thermistor into a polymer resin micro-pod and then into the fibers of a yarn. This process created a temperature sensing yarn that was conformal, drapeable, mechanically resilient, and washable. This work builds on this early study with the purposes of identifying the steady state error bought about on the temperature measurements as a result of the polymer resin and yarn fibers. Here a wider range of temperatures than previously explored were investigated. Additionally two types of polymer resin with different thermal properties have been tested, with varying thicknesses, for the encapsulation of the thermistor. This provides useful additional information for optimizing the temperature sensing yarn design.
Introduction
Wearable temperature sensors are important as the temperature of the human body is considered as one of the main vital signs that are measured and monitored in hospital patients [1] , with temperature being a useful method to detect various pathologies, including infection in wounds [2] [3] [4] . This work builds on previous studies that have created a wearable temperature sensing yarns [5, 6] . Further to earlier work, this study focuses on absolute temperature measurements as well as temperatures outside of those that would normally be physiologically relevant. New knowledge has been created to better understand the engineering considerations necessary to refine the temperature sensing yarn design.
The creation of the temperature sensing yarns is based on the patented electronically functional yarns technology [7] , which has been employed for a number of sensing applications [8] . For this work a commercially available thermistor was attached to fine copper wires, coated in a polymer resin (around with supporting fibers), and then covered in a knit-braided sheath and packing yarns. This created a yarn that retained its textile properties, much as drape and shear, that also protected the internal electronics from mechanical and physical stresses.
Temperature measurement is affected by many factors such as calibration against the absolute temperature scale, thermal disturbance due to the method of installation and instability effects [9] . The effect of ambient temperature and installation type is often overlooked when measuring surface temperature. There have only been few papers in which this has been taken into account [10, 11] . This paper looks into the effects on the absolute temperature readings from thermistors when they are encapsulated in resin and embedded within fibers of yarn.
Materials and Methods
To study the influence of the protective micro-pod and the yarn filaments on the steady state error of the temperature sensing yarn, tests were carried out on a precision electronic hot plate from Echotherm Chilling/Heating Dry Bath (Torrey Pines Scientific Inc., Carlsbad, CA, USA). In order to estimate exactly when the steady state occurred the temperature of the hot plate was increased in steps of 2 °C every 5 min and the corresponding temperatures were recorded once the samples reached a steady state.
Murata 10 kΩ 100 mW 0402 SMD NTC thermistors (part number NCP15XH103F03RC, Murata, Kyoto, Japan) were used in this study. In all cases the thermistors were soldered to copper interconnects (fine copper wires). When testing samples two thermistors were placed on either side of the samples on the hotplate in order to obtain the plate temperature. A climate controlled room was not used for these experiments, so room temperature was recorded using a k-type thermocouple (Pico Technology, St Neots, UK).
To understand the effects of the volume and thermal conductivity of encapsulation, the thermistor and copper wire interconnects were encapsulated with different volumes of thermally conductive resin (Dymax Multi-Cure ® 9-20801, Dymax Corporation, Torrington, CT, USA; thermal conductivity: 0.9 Wm −1 K −1 ). This was achieved by varying the diameter of the cylindrical encapsulation to 0.87 mm or 1.53 mm. The effects of the thermal conductivity of the resin were investigated by using a thermally non-conductive multi-cure-resin (Dymax Multi-Cure ® 9001-E-V-3.5, Dymax Corporation, Torrington, CT, USA; thermal conductivity: 0.2 Wm −1 K −1 ) to form the cylindrical encapsulation with different diameters (0.87 mm or 1.53 mm). Previous work has used the 9001-E-V-3.5, non-thermally conductive, resin.
For the temperature sensing yarns two Polyester yarns (167 dtex/48 filaments) were used as carrier fibres to provide mechanical strength to the copper wire interconnects and they were included within the encapsulation. Then the Multi-Cure ® 9-20801 (Dymax, Torrington, CT, USA) was used to form a cylindrical micro-pod with a 0.87 mm diameter. Thereafter the carrier fibres, interconnects and the micro-pod were surrounded with six (167 dtex/48 filaments) polyester yarns (packing fibres in Figure 1 ) and a circular warp knitted structure (knit braid), which was produced with six additional polyester yarns (167 dtex/48 filament) to craft the temperature yarn. The various stages of a temperature sensing yarn construction are shown in Figure 1 below. 
Results and Discussion

Diameter of Resin Micro-Pod
Initally samples using a non-termally conductive resin were investigated. Two sizes of resin micro-pod were investigated with the temperatures varied 20 and 40 °C. Results are shown in Figure 2 . It can be observed from the results in Figure 2b that the thermal non-conductive 9001-E-V-3.5 resin had a negligible impact on the recorded temperature when a diameter of the encapsulation of 0.87 mm was used within the reasonably large experimental error. In spite of lacking statistical significance, there is a general trend of deviation, where the recorded temperature shows a greater difference to the temperature of the bare thermistor at higher temperature. Assuming a linear trend at higher and lower temperatures (for the thermistor temperature-sample temperature deviation) at 0 °C there would be a predicted −0.70 °C difference in the absolute temperature, while at 100 °C the difference would be +2.29 °C. Increasing the diameter of the encapsulation made the sample measurements further deviate from the thermistor measurements as expected (the trend for the thermistor temperature-sample temperature would give −2.00 °C deviation at 0 °C and a +4.75 °C at 100 °C). Previously the absolute temperature recorded when different resin micro-pod sizes were used, at a fixed hotplate temperature of 38 °C, was investigated. A range of average temperature of 36.592-38.497 °C were reported for micro-pods of up to 1.9 mm diameter. The data in Figure 2 is in agreement with these results. To reduce deviations in the absolute temperature measurements a thermally conductive polymer resin was investigated.
Thermally Conductive Resin
The experiments outlined in Section 3.1 were repeated with a thermally conductive resin, with the results shown in Figure 3 .
When using the 9-20801 polymer resin, when using the 0.87 mm diameter cylindrical encapsulation, very little deviation was seen from the bare thermistor measurements (the trend for the thermistor temperature-sample temperature would give −0.09 °C deviation at 0 °C and a +0.39 °C at 100 °C). When the chip was encapsulated with a 1.53 mm diameter of encapsulation a clear trend (the trend for the thermistor temperature -sample temperature would give −0.27 °C deviation at 0 °C and a +2.27 °C at 100 °C) could be observed between the temperature recorded by the thermistors on the hot plate and the sample measurements. This was due to the increase in the thermal resistance of the resin at the greater volume used for the 1.53 mm diameter micro-pod. As the 0.87 mm 9-20801 resin micro-pod gave the least variation in absolute temperature, this micro-pod design was used to produce a set of temperature sensing yarns. 
Final Temperature Sensing Yarn
The temperature sensing yarns, created using 0.87 mm 9-20801 resin micro-pods, were tested over a temperature range of 0-40 °C. The results are shown in Figure 4 . Figure 4b shows that the packing fibres and the braided yarn layer impact the temperature measurements, with a significant differences recorded in the absolute temperature compared to temperature recorded with bare thermistor (the trend for the thermistor temperature-sample temperature would give −2.60 °C deviation at 0 °C and a +8.09 °C at 100 °C). The difference between the temperature of the thermistor and the temperature sensing yarn is almost zero at room temperature; it is interesting to note that the difference at physiologically relevant temperatures are still fairly minimal (~1 °C).
It was important to see the difference between the recorded temperature and actual temperature over a large temperature difference so a final set of experiments were carried out on a single yarn where the temperature of the plate was increased up to 80 °C from 0 °C ( Figure 5 ). Figure 5b showed that the temperature variation increased with plate temperature, which would be expected given other observations. However the trend (the trend for the thermistor temperaturesample temperature would give −3.41 °C deviation at 0 °C and a +10.20 °C at 100 °C) was not correctly predicted by the previous experiments trend results. This could be as a result of a number of factors including experimental error or fabrication defects in the yarn used to generate Figure 5 . It is also possible that the trend in the deviation is no longer linear at higher or lower temperatures. Ultimately these experiments shows that a correction would need to be applied to data if the temperature sensing yarns were used in high or low temperature conditions.
Conclusions
This work successfully explores the accuracy of the absolute temperature measurements provided by temperature sensing yarns. Steps have been taken to minimize differences in the temperatures recorded by the yarn and the actual temperature of its surrounds. The work shows that obtaining highly accurate absolute temperature readings using the temperature sensing yarn can be difficult at temperatures that are lower or higher than ambient. It should however be noted that around physiologically relevant temperatures, the temperature difference between the recorded temperature and the actual temperature was minimal (around 1 °C).
This work has demonstrated that the use of a thermally conductive encapsulation resin 9-20801 has no significant difference when compared to the thermally non-conductive 9001-E-V-3.5 for a 0.87 mm encapsulation at physiologically relevant temperatures. If the yarn is used for high or low temperatures would be advisable to use the thermally conductive resin.
